Introduction
Many eukaryotic cells elaborate highly asymmetric cytoplasmic extensions whose assembly, maintenance and function depend upon intracellular transport systems that are based on microtubules (MTs) and MT-associated motor proteins. Examples include the axons and dendrites that protrude from neuronal cell bodies, and the cilia and flagella that extend from diverse cell types. These structures, which are the focus of this brief review, have diverse biological functions. For example, in the nervous system, dendrites and axons are specialized for signal reception and signal transmission, respectively. In contrast, motile and sensory ciliary axonemes have evolved to function either to move cell surfaces relative to fluid media or to participate in sensory transduction.
The formation, maintenance and function of axons, dendrites and axonemes depends upon mechanisms for localizing key components that are concentrated specifically in these structures relative to cell bodies. For example, signal reception by dendrites and sensory cilia depends upon the action of signal receptors and signal-transduction components that are localized specifi-cally to the plasma membrane surrounding these structures, and signal transmission by neurons depends on the delivery of synaptic-vesicle components to the axon termini where they accumulate, awaiting release by regulated secretion. Similarly, structures required for the beating of motile cilia and flagella, such as dynein arms, radial spokes and nexin links are localized specifically to axonemes.
How do key components become specifically localized to cytoplasmic extensions? There is no protein synthesis in axons or axonemes, so proteins that are required in these structures are synthesized in the cytoplasm of the cell body, then actively transported to their site of action. For example, some proteins involved in synaptic transmission are synthesized and packaged into vesicles in the neuronal cell body where the rough endoplasmic reticulum and Golgi apparatus reside, and are delivered by active vesicular transport along the axon to the synapse. Similar transport mechanisms are likely to operate in dendrites, although these neuronal extensions, unlike axons, contain ribosomes and translational machinery, so here the localization of mRNAs encoding key proteins may play an important role as well. In cells that elaborate ciliary or flagellar axonemes, axonemal components must be preassembled in the cell body, then transported as macromolecular protein complexes along the axoneme. The transport of membrane-bound organelles and macromolecular complexes along axons, dendrites and axonemes depends upon vectorial transport driven by MTs and MT-associated motor proteins.
MTs and MT-based motor proteins
MT-based motor proteins are enzymes that hydrolyse ATP and use the energy released to move and transport cargo unidirectionally along a MT track (Figure 1 ). MT tracks are 25-nm-diameter tubular polymers formed by the lateral aggregation of ≈13 parallel protofilaments, with each structurally polar protofilament consisting of a linear array of ␣,␤ tubulin heterodimers arranged with an 8 nm periodicity along the filament axis. Thus MTs have plus-(or fastgrowing) ends, and minus-(or slow-growing) ends. Most MTs emanate from MT-organizing centres (MTOCs) with their plus-ends distal and their minusends proximal to the MTOC.
The motors that move along these MT tracks are linear, capable of stepping sequentially from one binding site to the next along the linear polymer lattice, with each step being coupled to the hydrolysis of an ATP molecule [1] (see Figure 1) . MT-based motor proteins have motor domains that are responsible for ATP hydrolysis and MT binding; these domains are attached via linker segments to cargo-binding domains that bind to the membrane-bound vesicles or macromolecular complexes to be transported along the MT tracks ( Figure 1) .
The mechanism of action of one MT motor, conventional kinesin (see below), has been investigated in detail and the data obtained suggest that it is a processive enzyme that attaches to an MT and moves its vesicular cargo, at ≈1 m per s, for a distance of ≈1 m towards the MT plus-end before detaching again. To accomplish this, the motor moves in a hand-over-hand fashion, taking about 100 steps of 8 nm each along the polymer lattice, with each step coupled to the hydrolysis of one ATP molecule and lasting ≈15 ms. Other MT motors also move unidirectionally along MT tracks, carrying their cargo either towards the MT plus-end or towards the MT minus-end. However, it is uncertain if these motors are processive or not.
The organization of MTs in axons, dendrites and axonemes
Our current understanding of the organization of the MT arrays in neurons and ciliated or flagellated cells is depicted in Figure 2 . In most neurons, a perinuclear centrosome localized in the cell body functions as the MTOC; MTs emanate from this structure to form a radial cytoplasmic array with the MT plus-ends pointing towards the cell periphery. The organization of MTs in dendrites and axons differ; this may reflect functional specializations of these processes in signal transmission and reception respectively, but how is unclear. For example, in axons MTs are discontinuous and are organized into parallel arrays of uniform polarity, with their minus-ends proximal to the cell body, Motor domains
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and their plus-ends distal. In dendrites, however, the MTs are of mixed polarity, being organized into antiparallel arrays. These axonal and dendritic MT arrays are not attached to any detectable organizing structure. In ciliated and flagellated cells, cytoplasmic and axonemal MTs emanate from a basal body, a specialized MTOC that is resorbed during mitosis to serve as the spindle pole. The axonemes of both motile and sensory cilia consist of parallel cylindrical arrays of nine doublet MTs organized with their plus-ends pointing away from the basal body. In motile axonemes, the nine doublet MTs surround two central-pair singlet MTs, and the concerted action of the associated dynein arms, radial spokes and nexin links cause the axomenes to beat in a coherent fashion. Sensory cilia are immotile and have relatively simple structures, lacking dynein and nexin arms, radial spokes and the central-pair apparatus. The vectorial transport of membrane-bound organelles and macromolecular complexes along the arrays of MT tracks in axons and axonemes is bidirectional: either in anterograde fashion towards MT plus-ends, or in retrograde fashion towards MT minus-ends. Thus given the uniform polarity of MTs in axons and axonemes, there is a requirement for both plus-and minus-enddirected motor proteins. Less is known about transport along the antiparallel arrays of MTs in dendrites, but here again it is thought that plus-and minusend-directed motors operate. The MT motors that mediate these transport events are members of the kinesin and dynein superfamilies.
MT-based motor proteins of neurons and axonemes
The kinesin and dynein superfamilies constitute a very large group of MTbased molecular motor enzymes that are involved in a wide range of intracellular transport functions (Table 1) . Conventional kinesin was the first intracellular transport motor to be identified [2] . Subsequently, molecular techniques have led to the identification of a multitude of related motors. For example, kinesin-related proteins characterized by the presence of the kinesin superfamily motor domain [3] have been identified through the analysis of mutants defective in organelle transport [4] , through the use of pankinesin peptide antibodies [5, 6] and through the use of the PCR [7, 8] . Indeed, PCR has revealed the presence of over 20 distinct kinesin-related polypeptides (KIFS) in the mouse, where they are proposed to participate in various aspects of neuronal-cell function.
Kinesin motor polypeptides are generally composed of three characteristic domains: a motor domain with both MT-binding and nucleotide-hydrolysis functions; a stalk domain that is typically rich in ␣-helical coiled-coils and facilitates the dimerization of motor polypeptides; and a non-conserved tail domain [3] . The position of the motor domain varies depending on the class of kinesin-related proteins [1] . Those with N-terminal motor domains move predominantly towards the plus-ends of MTs, whereas those with C-terminal motor domains move predominantly towards the minus-ends of MTs. Kinesin motor polypeptides assemble with other motor polypeptides and/or accessory proteins into multimeric motor holoenzymes [9] . For example, conventional kinesin is a heterotetramer comprising two kinesin heavy chains (KHCs) and two kinesin light chains, whereas kinesin-II motor complexes are generally heterotrimeric, containing two different heterodimerized motor subunits and a non-motor accessory polypeptide.
The inventory of kinesin motors involved in intracellular transport has recently been reviewed by Hirokawa [10] . These include: conventional kinesin, a plus-end-directed N-terminal motor responsible for moving exocytotic vesicles and ion channels out to the cell periphery [11, 12] ; monomeric kinesins that move synaptic vesicles and mitochondria to the plus-ends of MTs [4, 10] ; heteromeric kinesins, containing at least two distinct N-terminal motor polypeptides that move towards the plus-ends of MTs and participate in membrane traffic and ciliary transport [6, 13, 14] ; KIF4 kinesins, which are N-terminal homodimeric kinesins that move to the plus-ends of MTs and participate in vesicle transport [10] ; I-kinesins, homodimers of two motor subunits containing internal motor domains that participate in anterograde vesicle transport and neurite outgrowth [10] ; and C-terminal kinesins (containing a C-terminal motor domain), which move towards the minus-ends of MTs, and are thought to participate in organelle transport along dendrites [10] .
The dynein superfamily includes both axonemal and cytoplasmic dyneins, all of which move towards the minus-ends of MTs [10, 15] . Axonemal dynein generates the force required to bend motile cilia and flagella, whereas cyto- 
Organelle transport in neuronal-cell extensions
In neurons, membrane-bound organelles and vesicles must be transported within cell bodies to the base of axons and dendrites, and then moved bidirectionally along the axons and dendrites between the cell bodies and the synapses. Axonal transport includes both the fast axonal transport of membranous vesicles and organelles, and the slow axonal transport of cytoskeletal components. Fast axonal transport occurs in both anterograde and retrograde fashions; whereas slow axonal transport occurs only in an anterograde manner. The anterograde transport of neuronal components is driven by conventional kinesin plus multiple kinesin-related proteins, whereas retrograde transport is driven by dynein and C-terminal kinesins.
Transport of membranous vesicles in neurons
Conventional kinesin is the most abundant motor in neurons. Generally, conventional kinesin is thought to function as a membrane traffic motor in cells, and in neurons it has been implicated in the anterograde transport of axonal vesicles. For example, when mouse peripheral nerves are ligated to block axonal transport, kinesin is found associated primarily with vesicles that accumulate on the side of the ligature proximal to the cell body. Additionally, some mutations in Drosophila KHC appear to reduce the number of voltagegated Na ϩ channels in axons [12] . Although the KHC gene is essential in Drosophila, certain hypomorphic alleles cause a paralysis phenotype that is amenable to analysis in larvae [16] . In these mutants, axon terminals are reduced in size, axon-potential propagation is impaired and reduced neurotransmitter release is observed at nerve termini; however, no effects on the localization of synaptic vesicles at the axon terminal are seen [16] . Mutations in Drosophila kinesin light chain display the same phenotype as that observed in khc mutants, suggesting that the associated light chains are essential for axonal transport and kinesin function. Conventional kinesin was initially an attractive candidate motor for the fast anterograde transport of presynaptic vesicles, but these data suggest that it may instead be important for the transport and delivery of exocytotic vesicles containing ion channels to the synaptic terminal, possibly by a two-step mechanism involving kinesin-driven transport along axonal MTs followed by myosin-mediated transport along cortical actin filaments [11] .
There is now good evidence that presynaptic vesicles are transported instead by members of the monomeric subfamily of kinesin-related proteins. Hall and Hedgecock [4] demonstrated that the monomeric kinesin, UNC-104, in the nematode Caenorhabditis elegans is required for the transport of presynaptic vesicles, but not other membrane-bound organelles in neurons. unc-104 mutants have few synaptic vesicles in their axon termini, and show an accumulation of presynaptic vesicles in cell bodies [4] . Thus UNC-104 is responsible for the anterograde transport of presynaptic vesicles from the trans-Golgi network to the axonal terminal. More recently, an UNC-104 homologue was identified in mice [10] , namely KIF1A. KIF1A is a neuron-specific motor that is enriched in axons, and is associated with vesicles containing synaptic-vesicle proteins such as synaptophysin, synaptotagmin and Rab3. KIF1A is essential, as knock-out mice die shortly after birth. Their neurons have decreased synaptic-vesicle precursors, a reduction in synaptic-vesicle density and a corresponding accumulation of small clear vesicles in the cell body.
The heteromeric kinesins have also been implicated in vesicle transport in neurons. In mice, two distinct forms of heterotrimeric kinesin-II complexes are seen: one that is neuron-specific (KIF3A/KIF3C/KAP3), and one that is expressed in both neuronal and non-neuronal cells (KIF3A/KIF3B/KAP3). Immuno-isolation and subcellular-fractionation experiments suggest that both forms are associated with membranous vesicles and membrane-containing cytosolic fractions in murine neurons, the latter complex being found to be associated with 90-160 nm axonal vesicles. Additionally, a heteromeric kinesin homologue is expressed throughout the central and peripheral nervous systems in Drosophila. These data suggest that heteromeric kinesin family members are also involved in the fast anterograde neuronal transport of membranous cargo.
Although cytoplasmic dynein has traditionally been viewed as the minusend motor for retrograde transport in axons, a C-terminal kinesin (KIFC2) has recently been implicated in the retrograde transport of membranous organelles towards the minus-ends of MTs in the mouse nervous system [10] . Immunoisolation of KIFC2 and its bound cargo suggest that it transports multivesicular body-like organelles in adult-mouse neurons [10] . It is likely that the retrograde transport activities of KIFC2 and cytoplasmic dynein, and the anterograde transport activities of conventional kinesin and other kinesin-related proteins, drive the movement of distinct populations of organelles, thereby allowing the differential regulation of trafficking within axons and dendrites.
Transport of mitochondria in axons
The transport of mitochondria between the cell body and axon is bidirectional. Recent evidence suggests that KIF1B, an N-terminal monomeric kinesin, is involved in the anterograde transport of mitochondria in mouse neurons [10] . It co-localizes with mitochondria, and co-purifies with mitochondria from cultured neuronal cells, but is not detected in cytosolic fractions enriched in synaptic vesicles. Recombinant KIF1B is capable of transporting purified mitochondria in vitro.
Transport in dendrites
Whereas abundant evidence exists for the role of kinesins and dynein in axonal transport, little is known about specific transport processes in dendrites. This is presumably because results are more difficult to interpret given the mixed polarity of their MTs. However, recent work suggests that kinesins may be required for dendritic differentiation in rat sympathetic neurons. CHO1/MKLP1 is a kinesin motor expressed in the dendrites of terminally differentiated rat sympathetic and hippocampal neurons [17] . Overexpression of the motor domain of this kinesin in insect ovarian cells led to the induction of dendrite-like processes with non-uniform MT orientation, whereas antisense perturbation of CHO1/MKLP1 expression in rat sympathetic and hippocampal neurons suppressed dendritic differentiation [17, 18] . Thus the transport of preassembled MTs from the cell body of the neuron into dendrites and axons, with either their plus-or minus-ends leading, probably establishes the non-uniform array of dendritic MTs in neurons [17, 18] .
At least two kinesin motors are implicated in dendritic transport of membrane-bound organelles and vesicles. The C-terminal kinesin, KIFC2, is localized to neuronal-cell bodies and dendrites in a manner consistent with a role in the transport of multivesicular bodies from the cell body along dendritic extensions by moving these organelles towards the minus ends of MT tracks. Additionally, the recently described N-terminal kinesin, KIF21B, is also specifically enriched in dendrites.
Membrane trafficking in the neuronal cell body
Recent evidence suggests that conventional kinesin is involved in the maintenance and structure of the endoplasmic reticulum and Golgi apparatus in neuronal-cell bodies. When KHC expression is inhibited in cultured hippocampal neurons and astrocytes with antisense oligonucleotides, a less extensive network of endoplasmic reticulum and Golgi cisternae is seen, with a corresponding collapse of the Golgi complex and endoplasmic reticulum into the nucleus [19] . Studies in cultured neurons have also suggested a role for conventional kinesin in the endocytic pathway. The normal transport of endosomes from the cell periphery to a final perinuclear position requires intact MTs, and occurs in the retrograde direction. However, late endosomes and lysosomes have the capacity to move bidirectionally. The anterograde movement of lysosomes can be induced experimentally with changes in pH: cytoplasmic alkalination causes the perinuclear clustering of lysosomes, which are dispersed subsequently in an anterograde fashion towards the cell periphery with cytoplasmic acidification. This pH-induced dispersion of lysosomes is inhibited in cultured hippocampal neurons with antisense perturbation of KHC expression [19] . Whereas conventional kinesin may be important in the anterograde movement of lysosomes, the more common retrograde movement of endosomes and lysosomes requires the activity of a minus-end motor. Indeed, cytoplasmic dynein has been localized to endocytic vesicles by immunoelectron microscopy.
Transport along ciliary and flagellar axonemes
Cilia and flagella are specialized MT structures that can be adapted for motility and sensory functions (Figures 2 and 3) . Because no protein-synthetic machinery exists within the axoneme, its components must be synthesized in the cytoplasm, then actively transported as preassembled intermediates into the cilium or flagellum to their site of assembly. Various proteins are required in motile cilia and flagella, including MTs, non-tubulin axonemal components such as dynein arms and radial spokes, and axoneme-stabilizing proteins. In immotile sensory cilia, accessory structures such as dynein arms and radial spokes that are required for the beating of motile axonemes are not needed, but the sensory receptors and sensory signal-transduction components that are concentrated in these cilia must be transported into sensory cilia from their site of synthesis in the cell body. Increasing evidence indicates that members of the heteromeric subfamily of kinesins and cytoplasmic dynein are important for the bidirectional transport of axonemal components along axonemal MTs, in a process called intraflagellar transport (IFT) [14] . 
IFT
IFT has been studied elegantly in the unicellular biflagellate green alga Chlamydomonas. IFT involves the bidirectional transport of electron-dense raft particles beneath the flagellar membrane along outer MT doublets [20] . These raft particles are non-membrane-bound macromolecular complexes that are transported along the entire length of the flagellum by a process dependent on the product of the fla10 gene. The Fla10 protein is a subunit of a heterotrimeric kinesin-II motor complex [6, 21] which immunolocalizes to the basal bodies and proximal portions of the flagella in interphase cells, and in punctate structures that extend to the tip of the developing axoneme during flagellar regeneration [21] . The fla10 mutant demonstrates temperaturesensitive defects in flagellar synthesis and maintenance, and a reduction in IFT that is concomitant with a disappearance of the raft particles from the shaft of the axoneme [20] . IFT raft particles have been characterized biochemically, and shown to include 15 polypeptides, two of which have known homologues in C. elegans (OSM-1 and OSM-6), which are required for sensory ciliogenesis in chemosensory neurons [21] . Thus the heterotrimeric Fla10 kinesin is responsible for the anterograde transport of raft particles comprising components required to build and maintain motile flagella in Chlamydomonas.
Retrograde transport of raft particles appears to be dependent on cytoplasmic dynein. The fla14 gene encodes a dynein light chain, and fla14 mutants demonstrate bulges on the sides or tips of the flagella. These bulges represent an accumulation of raft particles that have been transported in an anterograde fashion into the flagellum by Fla10, but are incapable of returning due to the absence of retrograde movement [22] . Interestingly, one of the cargo molecules transported on raft particles by Fla10 appears to be inner dynein arms, which are required by axonemal dynein to generate the force required in the formation of flagellar waveforms.
Ciliogenesis
As in flagellar synthesis, ciliogenesis requires the transport of axonemal components from the cytoplasm to their site of assembly. In the developing sea urchin, motile cilia are formed on blastula stage cells, and are used for embryonic swimming and larval feeding. When fertilized urchin eggs were micro-injected with monoclonal antibodies against one of the motor subunits of heterotrimeric kinesin II, a dramatic inhibition of ciliogenesis was observed, resulting in the formation of truncated, paralysed cilia [23] . Detailed analysis of injected embryos suggests that kinesin II is responsible for the transport of ciliary components that are required to elongate and confer motility to a nonmotile 'procilium'. This procilium is thought to be a ciliary assembly intermediate that forms by a kinesin-II-independent process [23] .
Sequential transport along dendrites and axonemes in C. elegans chemosensory neurons
Heteromeric kinesins are also involved in the assembly of sensory cilia. For example, the sensory nervous system of C. elegans comprises a subset of neurons with dendritic processes terminating in non-motile cilia that are open to the external environment (Figure 3 ). These sensory cilia serve as specialized compartments to localize sensory receptors and signal-transduction machinery, which recognize specific chemical cues in the environment. Therefore, C. elegans chemosensory neurons are interesting examples of polarized cells that couple dendritic transport, ciliogenesis and ciliary transport.
Heteromeric kinesins are candidate motor proteins for transporting sensory ciliary components from their site of synthesis and assembly in the cell body out to the dendritic endings. Recently, two distinct heteromeric kinesin complexes have been found in chemosensory neurons and sensory cilia in C. elegans, namely heterotrimeric kinesin II and dimeric OSM-3 kinesin [24] . In addition, C. elegans mutants have been isolated that display defects in chemosensory behaviour, many of which show ultrastructural defects in the axonemal structures that comprise the sensory cilia [25, 26] . One of these mutants, osm-3, displays defects in osmotic avoidance and chemotaxis behaviour, truncated sensory cilia and an accumulation of electron-dense vesicles in the surrounding sheath cells [25] . The osm-3 gene encodes the motor subunit of the dimeric OSM-3 kinesin [24] . Thus OSM-3 kinesin is required for the transport and delivery of cargo, possibly axonemal intermediates, that are required to build or maintain a sensory cilium in C. elegans dendrites. Two other mutants, osm-1 and osm-6, also display chemosensory and ciliary defects. These genes encode homologues of proteins identified in IFT raft particles in Chlamydomonas, which are transported by the heterotrimeric Fla10 kinesin-II motor protein [21, 25] . Recent work using a transport assay in vivo has demonstrated that fluorescently labelled OSM-1 and OSM-6 proteins move at the same velocity as labelled kinesin II in sensory cilia, suggesting that they are likely cargoes of the C. elegans heterotrimeric kinesin-II complex [27] . Therefore, the two heteromeric kinesins, kinesin II and OSM-3 kinesin, are probably involved in complementary and/or overlapping transport pathways in C. elegans IFT [24] . 
Summary
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